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I.  INTRODUCTION 


This  final  report  on  Contract  Nonr-495(l6),  (NR  OI7606)  provides  a 
general  summary  of  the  vork  carried  out  under  the  contract  from  its  incep¬ 
tion  on  1  May  1958  to  its  termination  on  31  May  1964.  The  work  under  the 
contract  has  covered  several  phases  of  x-ray  physics  which  are  discussed 
Iriefly  below.  Detailed  technical  discussion  of  material  which  has  not  pre¬ 
viously  been  presented  in  technical  reports  or  published  articles  appears  in 
the  appendices. 


II.  X-RAY  SPECTROSCOPY 


This  phase  of  the  work  has  been  concerned  with  the  investigation  of 
x-ray  emission  and  absorption  spectra  and  with  their  interpretation  in  terms 
of  current  theoretical  models.  It  has  also  included  a  study  of  the  instru¬ 
mental  problems  which  affect  the  interpretation  of  the  x-ray  measurements; 
in  psurticular,  the  properties  of  the  crystals  used  in  two- crystal  spec¬ 
trometry  and  the  design  of  spectrometers  and  their  associated  detection  and 
power  supply  systems. 


Crystal  Diffraction  Patterns 


At  the  time  of  inception  of  this  research  the  question  of  the  influence 
of  crystal  diffraction  patterns  on  the  observed  x-ray  spectra  was  of  special 
interest  and  the  first  study  therefore  concerned  itself  with  this  problem. 
Studies  were  undertaken  of  the  details  of  the  (l,+l)  and  (1,-1)  rocking 
curves  of  natural  and  synthetic  quartz  and  of  the  effects  of  radiation  damage 
on  the  x-ray  characteristics  of  these  crystals. 

It  was  demonstrated  that  the  characterization  of  a  pair  of  crystals  for 
use  in  x-ray  spectrometry  by  the  usual  method  of  specifying  only  two  param¬ 
eters,  viz.,  t  j  half-widtii  of  tne  (i,-l)  rocking  curve  and  the  percent  re¬ 
flection,  is  entirely  inadequate.  What  is  required  is  a  knowledge  of  the 
complete  rocking  curve  with  special  emphasis  on  the  shape  and  relative  in¬ 
tensity  of  the  tail  regions  out  to  perhaps  50  to  I50  half-widths. 

It  also  appears,  as  a  result  of  tiiese  studies,  that  synthetic  quartz 
crystals  are  potentially  as  good  or,  possibly,  even  better  for  x-ray  spectro¬ 
metry  than  natural  quartz.  This  is  important  information  in  the  light  of 
the  difficulty  of  securing  adequately  large  and  perfect  natural  quartz. 

The  radiation  damage  studies  indicate  that  irradiation  sufficient  to 
produce  marked  coloration  of  the  quartz  (ca.  5  x  10^  r.)  produces  no  observ¬ 
able  effect  on  the  x-ray  diffraction  patterns. 

The  details  of  this  work  on  crystals  are  contained  in  the  M.Sc.  thesis 
of  Mr.  Paul  C.  Claspy  which  constitutes  Appendix  A  of  this  report. 
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■Li  Dcrxca  A- ray  ope  ox  a 


i  The  metals  in  the  second  transition  group  have  become  of  increasing 

technical  importance  because  of  their  special  mechanical,  thermal,  and 
electrical  properties.  Previous  work  in  this  laboratory  had  been  concerned 
with  the  investigation  of  the  L  x-ray  emission  spectrum  of  zirconium;  under 
this  contract  the  work  was  extended  to  include  the  L  absorption  spectra  of 
zirconium  and  the  L  spectra  of  the  neighboring  elements,  niobium  and  molyb¬ 
denum. 


The  Interpretation  of  such  spectra  has  conventionally  been  made  in  terms 
of  the  theoretical  one- electron  model  of  a  solid.  This  interpretation  has 
been  ceLLled  more  and  more  into  question  by  recent  experimental  data  and  it 
seems  clear  that  more  sophisticated  models  and  interpretations  are  required 
to  extract  from  the  experimental  x-ray  data  the  desired  information  about 
the  nature  of  the  electronic  energy  level  structure  of  the  solid.  Neverthe¬ 
less,  the  e:q)erimental  data  are  of  major  importance  in  two  respects.  First, 
they  provide  the  basis  required  for  even  an  approximate  theoretical  treatment 
of  the  problem,  and,  second,  they  provide  guidance  as  to  the  direction  in 
which  more  sophisticated  theories  must  move.  On  the  last  point  in  particular 

I  it  is  most  helpful  to  have  the  kind  of  data  which  have  been  obtained  here, 
viz.,  on  the  variations  in  properties  which  occur  as  one  progresses  from  one 
I  element  to  the  next  in  the  second  transition  group. 

!A  discussion  of  the  experimental  results  which  have  been  obtained  so 
far  is  given  in  Appendix  B.  It  is  Intended  to  coo^ete  this  study  under 
other  auspices. 
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I  Instrumentation 

I  Considerable  effort  has  been  expended  on  the  problems  of  instrumentatloQ 

I  in  the  soft  x-ray  region.  A  new  two- crystal  spectrometer  has  been  designed 
I  and  constructed  and  \.ith  it  its  associated  detection,  data  handling,  and 
j  power  supply  systems  A  discussion  of  the  design  considerations  involved  is 
I  given  in  Appendix  C. 


III.  X-RAY  SCATTERING 


This  phase  of  the  work  has  been  concerned  with  the  determination  of  the 
structures  of  gaseous  and  condensed  phases  of  matter  by  x-ray  scattering 
measurements,  and  has  been  previously  reported  in  detail  in  the  technical 

reports  listed  below. 

Technical  Report  009-1:  "Calculation  of  the  Transmission  Factor  in 
X-ray  Scattering."  M.  Sawada  and  C.  H.  Shaw.  Journal  of  Applied 
Physics  13^^  (1958)  • 

Technical  Report  009-3:  "Low  Temperature  Spontaneous  Transformations  in 


Fine  Grained  Alkali  Metals."  K.  D.  Alexopoulos  and  C.  H.  Shaw.  The  Ohio 
State  University  Research  Foundation,  Februsury,  196I. 


^chnlcal  Report  fl09"4;  "X-ray  Investigation  of  the  Characteristic 
ifemperature  of  tungsten."  K.  D.  Alexopoulos  and  C.  H.  Shaw.  The  Ohio 
State  Ifaiversity  Reseeurch  Foundation,  February,  196I. 
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CHAPm  I 


urmoDucnoN 


One  of  the  major  problems  in  spectroscopy  is  that  of  correcting  an  ob¬ 
served  spectrum  for  distortions  introduced  by  the  spectrcnieter.  In  order  to 
make  such  a  correction  one  must  have  information  about  the  spectral  window 
(i.e.,  the  spectral  response  function)  of  the  spectrometer.  In  x-ray  spec¬ 
troscopy  in  particular,  and  especially  in  the  wavelength  range  in  \diich  crys¬ 
tals  are  used  as  dispersing  elements,  the  correction  problem  has  long  been  a 
serious  o»ie  in  high  precision  work.  Recent  developments  in  techniques  for 
correcting  x-ray  spectra^  require  a  much  more  intimate  knowledge  of  the 


1.  J.  0.  Porteus  and  L  G.  Parratt,  Technical  Report  Ro.  7  AFOER  Pi 
September  1,  1959-  This  report  considers  in  detail  the  fa'ctors  involved  in 
the  problem  of  correcting  spectra  obtained  with  a  two- crystal  x-ray  spec- 
trometer  and  presents  a  solution  which  has  been  optimized  with  respect  to  sta¬ 
tistical  errors,  interpolation  and  cut  off  errors,  and  noise.  The  report 
also  reviews  and  gives  references  to  older  work  in  the  field. _ 


spectral  window,  and  thus  of  the  crystal  diffraction  patterns,  than  has  been 
common  in  the  past.  Furthermore,  there  has  been  increasing  evidence  that  the 
diffraction  patterns  of  crystals- -even  of  such  stable  material  as  quartz— 
deteriorate  with  time.^  This  thesis  reports  eui  investigation  the  purpose  of 


2. The  fact  that  crystal  diffraction  patterns  show  secular  variations  has 
been  known  in  a  qualitative  way  to  v.orkers  in  the  field  for  many  years.  How¬ 
ever  little  or  no  quantitative  data  on  the  phenomenon  has  appeared  in  the 
literature.  For  unpublished  data  on  the  phenomenon  see  R.  Kvarda,  M.  S. 
thesis,  Ttie  Ohio  State  University,  1957^  R*  J*  Liefeld,  Ph.  D.  dissertation, 
The  Ohio  State  University,  1959>  and  J*  0.  Porteus,  Ph.  D.  dissertation, 
Cornell  University,  19^8. _ 

which  was  to  determine  in  detail  the  characteristics  of  the  physical  diffrac¬ 
tion  patterns  of  some  quartz  crystals,  to  attempt  to  establish  criteria  for 
crystal  selection,  and  to  attempt  to  gain  some  insight  into  the  mechanisms 
involved  in  the  deterioration  of  the  x-ray  reflection  properties  of  crysteds. 

(^artz  was  chosen  for  use  in  this  investigation  for  several  reasons. 

It  has  been  rapidly  replacing  calcite  in  precision  x-ray  spectrometry  because 
it  has  been  shown5  that  one  can  obtain  quartz  crystals  which  exhibit  a  high 

"JI  0.  Adell,  G.  Brogren,  and  L.  E.  Haeggblom,  Arkiv  Fysik  J,  197  (l955). 

value  of  percent  reflection  as  well  as  a  nominal  re solving  power^  of 

T!  For  a  discussion  of  resolving  power,  as  applied  to  two- crystal  spec¬ 
troscopy,  see  Appendix  I, _ 

approximately  twice  that  of  calcite. 

In  addition,  the  availability  of  synthetic  quartz  crysteds  grown  under 
carefully  controlled  conditions^ offered  the  possibility  of  a  reliable  and 
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contlniilng  supply  of  spectrooeter  crystals  of  high  quality.  Such  a  supply 
voold  release  researchers  fron  dependence  on  natxiral  sources  idiere  finding 
a  good  crystal  is  at  best  a  matter  of  chance. 

A  detailed  cospaurlson  of  the  x«ray  reflection  characteristics  of  saagdes 
of  natural  cmd  synthetic  quartz  vas  therefore  made  during  this  investigation 
and  the  results  are  reported  herein. 

The  secular  changes  in  the  x-ray  properties  of  the  crystals,  mentioned 
earlier,  usually  involve  a  broadening  of  the  diffraction  patterns  in  the 
central  region,  em  increase  in  the  magnitudes  of  the  tails  of  the  patterns, 
and  a  decrease  in  the  percent  reflection.  The  exact  mechanism  (or  mechanisms) 
by  ^ich  these  changes  occur  is  not  known,  but  they  possibly  Involve  a  com¬ 
bination  of  surface  corrosion  and  radiation  damage.  An  attempt  to  assess  the 
inportance  of  radiation  damage  In  the  deterioration  process  in  natural  quartz 
has  also  been  made  and  the  results  are  also  reported  herein. 

Succeeding  chapters  contain,  in  turn,  a  description  of  the  eiqierimental 
arrangements,  a  presentation  and  discussion  of  the  data  and  results,  and  a 
summary  with  conclusions. 


CHAPTER  U 

EXFERIMERTAL  APPARATUS 


We  shall  be  concerned  with  the  spectrometric  properties  of  the  analyzing 
crystals  used  in  x-ray  spectrometers,  especially  with  the  widths  axid  shapes 
of  rocking  curves,  and  with  the  values  of  the  percent  reflection  and  coeffi¬ 
cient  of  reflection.  In  this  chapter  we  consider  briefly  the  esperimented 
arrangements  used  to  Investigate  these  properties.  In  particular  we  will  de¬ 
scribe  the  two- crystal  spectrometer,  the  x-ray  source  and  detection  system, 
and  the  gross  physical  characteristics  of  the  crystals. 

The  Spectrometer 

The  basic  design  features  of  the  two- crystal  spectrometer  used  have  been 
described  elsewhere.®  However,  two  modifications  have  been  made  to  Increase 

F!  C.  H.  Shaw,  N.  Spielberg,  and  J.  Soules,  Report  Ho.  8,  Contract  fjiS  onr- 
22521  NR  017  606,  The  Ohio  State  University  ResearchTFoundation,  Colunbus, 

May  1951. 

C.  H.  Shaw  and  N.  Spielberg,  Report  Ho.  Contract  No.  AT  (ll-l)-191> 

The  Ohio  State  University  Research  Foundation,  Columbus,  March  195^* 

J.  Soules,  Ph.  D.  dissertation.  The  Ohio  State  University,  193^* 

R.  J.  Liefeld,  Ph.  D.  dissertation.  The  C»ilo  State  University,  1959* 


the  precision  and  ease  of  data  taking. 
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Durixig  the  preliminary  vork  for  this  Investigation  It  vas  discovered 
that  the  repeatability  of  small  angular  n«asurements  with  the  existing  microm¬ 
eter  and  linkage  mechanism  for  rotating  the  second  crystal  axis  vas  not 
sufficient  for  this  study.  Therefore,  this  assembly  was  replaced  with  a  pre¬ 
cision  micrometerT  which  drives  the  tsuagent  aurm  directly.  This  change  enabled 

7.  doeckeler  Insiruments  Co.,  Model  4-5t.  This  mlcrcxneter  can  be  read  di- 
rectly  to  20  microinches  and  is  guauranteed  to  be  resettable  to  within  I5  micro¬ 
inches. 


measurements  of  rocking  curve  widths  to  be  made  to  ±.0^  second  of  arc. 

The  second  modification  vas  the  installation  of  new  crystad  holders. 

The  new  holders  were  designed  to  is^rove  the  ease  amd  accuracy  of  making 
tilt  adjustments.  With  these  holders  tilt  adjuslaaents  can  be  reset  to  better 
tham  ±30  seconds  of  arc.  In  addition,  the  distance  a  crystad  moves  off  axis 
%dien  being  tilted  has  been  reduced  to  a  negligible  amount  (e.g.,  a  tilt  of 
16  minutes  of  aurc— about  the  maximum  tilt  ever  used— moves  the  center  of  the 
reflecting  aa*ea  only  70  microinches  off  axis).  The  holders  have  been  equipped 
with  Seeman  wedges  which  can  be  used  either  as  scatter  shields  or  as  limiting 
slits. 


X-Ray  Source  and  Power  Supply 

The  x-ray  source  used  in  this  investigation  was  a  Machlett  type  A- 2 
diffraction  tube  having  a  copper  target  auid  an  effective  focal  spot  1  mm 
squaure.  Power  for  the  tube  was  obtained  frcan  a  50  kv  regulated  supply  which 
has  been  described  elsewhere.^  The  power  supply  was  originally  provided  with 

J.  Collenge,  M.  S.  thesis,  The  Ohio  State  University,  1951*  — — — 


stepwise  controls  for  current  and  voltage,  but  these  have  been  modified  so 
that  both  are  continuously  variable.  Provision  has  also  been  made  for  poten 
tiometric  monitoring  of  both  voltage  and  current.  During  each  data  run  the 
voltage  was  kept  constant  to  within  ±0.5  per  cent  and  the  current  to  within 
Jd  per  cent. 


Detection  System 

X-ray  photons  were  detected  by  a  xenon-  and  me theme—  filled  proportional 
counter^  the  voltage  for  which  was  supplied  by  an  Atomic  Instruments  Co.  model 

9.  Soules,  op.  cit.,  p.  59- 


326  high-voltage  supply.  The  pulses  from  the  counter  were  fed  to  a  pre- 
anqplifler  and  linear  amplifier  (franklin  Instruments  Co.  model  having  a 
built-in  single  channel  pulse  height  discriminator.  The  discriminator  out¬ 
put  vas  then  fed  to  a  scaler  (Berkley  model  2025)  which  vas  controlled  by  an 
electronic  timer  (Berkley  model  8II). 
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Although  the  detector  was  designed  for  work  in  the  vicinity  of  its 
quantum  counting  efficiency  at  1.537a  is  38  per  cent,  which  proved  to  be 
quite  acceptable. 

The  linearity  of  this  system  has  been  examined  by  Liefeld,^^  who  found 


10^ Liefeld,  op.  cit.,  p.  31 « 


that  for  counting  rates  up  to  150,000  counts  per  minute  the  devlatl(ms  troa. 
linearity  are  random  and  less  them  1  per  cent. 


The  Quartz  Crystals 

Our  choices  of  the  crysted  planes  and  of  the  wavelength  at  which  data 
were  taken  were  influenced  by  two  factors.  First,  the  desire  to  work  in  air, 
and  second,  the  desire  to  measure  rocking  curve  widths  to  1  per  cent.  The 
desire  to  work  in  air  requires  us§  of  radiation  of  sufficiently  short  wave¬ 
length  (l.e.,  less  than  about  2.5A)  that  the  absorption  of  x-rays  in  the  air 
path  through  the  spectrometer  does  not  seriously  limit  the  intensity  available 
at  the  detector.  In  addition,  the  effects  of  small  changes  in  crystal  proper¬ 
ties  are  more  pronounced  at  short  wavelengths  than  at  long.  On  the  other  hand 
the  desire  to  measure  rocking  curve  widths  to  1  per  cent  or  better  suggests 
use  of  as  long  a  wavelength  as  possible  and  use  of  those  crystal  planes  vblch 
have  the  largest  grating  space,  since  the  anguletr  width  of  the  rocking  curves 
increases  with  an  increase  in  either  of  these  quantities.  In  fact,  since  the 
precision  of  angle  measurement  is  about  0.05  second  of  arc,  we  should  choose 
our  wavelength  long  enough  and  the  crystal  grating  space  large  enough  so  that 
the  full  width  at  half  maximum  of  the  rocking  curves  is  at  least  about  5  sec¬ 
onds  of  arc. 


For  quartz  the  conditions  discussed  above  are  highly  restrictive  and  our 
choice  of  Cu  Ka  radiation  and  the  (10 *0)  planes  is  almost  the  only  reasonable 
one  that  can  be  made  under  the  circumstances. 


Physical  specifications.  Both  the  natural  and  synthetic  crystals  used 
in  this  investigation  were  cut  from  right-handed,  single- crystal  a  quarts. 

The  natural  crystals  were  quartz  of  Brazilian  origin,  and  the  synthetic 
crystals  were  grown  by  Sawyer  Research  Products,  Inc.^^  All  the  crystals 

TT!  Sawyer  Research  Products,  Inc.,  33^*00  Lakeland  ^oulevcurd,  itestlake,  C^o 
. . .  .  '  - . .  — 

were  cut,  ground,  and  polished  by  the  Valpey  Crystal  Corporation.  The 

12^  Valpey  Crystal  Corporation,  Holleston,  Maswchusetts. 

finished  size  of  the  crystals  was  2"x  1"  x  1/4",  and  the  surfaces  were  polish¬ 
ed  to  a  20  microinch  rms  finish.  The  surfaces  were  made  parallel  to  each 
other  and  to  the  atomic  planes  to  within  2  minutes  of  arc.  Ubfortunately, 
each  synthetic  crystal  has  a  section  of  the  seed  crystal  about  l/4  inch  wide 
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in  the  center  of  the  two- inch  dimension.  In  investigating  these  crysteds, 
therefore,  each  synthetic  crystal  plate  has  been  treated  as  consisting  of 
three  separate  single  crystals. 


Alignment  of  spectrometer  and  crystals.  Before  taking  rocking  curves 
it  is  necessary  to  have  the  spectrometer  in  proper  alignment.  This  includes 
having  the  two  spindle  axes  parallel,  having  the  crystal  planes  parallel, 
and  having  the  crystal  faces  on  the  axis  of  rotation.  This  alignment  was 
accQsipllshed  in  the  following  manner. 

Before  putting  the  crystals  in  place,  an  opticedly  flat  mirror  was  in¬ 
serted  in  each  crystal  holder  and,  with  this  mirror  as  one  mirror  of  a 
Mlchelson  interferc»neter  and  using  white  light  fringes,  the  holders  were 
aligned  so  that  the  screws  which  determine  the  location  of  the  reflecting 
suri^ce  defined  a  plane  which  is  on  the  axis  of  rotation  within  ±1.1^  and 
parallel  to  it  within  ±12  seconds  of  arc.  After  placing  mirrors  in  both 
holders,  the  two  spindle  axes  were  made  parallel  to  each  other  to  within 
1/2  minute  of  arc  using  a  telescope  equipped  with  a  Gauss  eyepiece.  Flnedly 
the  crystals  were  inserted  in  the  holders  and  the  atomic  planes  of  the  two 
crystals  made  parallel  to  each  other  using  an  x-ray  method. 

The  x-ray  method  makes  use  of  the  fact  that  the  width  of  a  (l,-l)  curve 
is  a  minimum  when  the  atomic  planes  of  the  two  crystals  are  parallel  in  the 
vertical  direction.  Because  of  the  time  involved  only  those  crystals  to  be 
extensively  investigated  were  so  adjusted.  It  was  found  that  for  these 
crystals  the  atomic  planes  were  parallel  to  the  surfaces  within  ±2  minutes. 
For  the  crystals  which  were  not  individually  adjusted  for  tilt  it  is  extimat- 
ed  that  the  values  given  in  Chapter  III  for  the  (1,-1)  width  and  per  cent  re¬ 
flection  are  within  2  per  cent  of  the  values  for  perfect  alignment.  This 
estimate  is  made  on  the  basis  of  average  curves  of  (l^-l)  width  and  of 
per  cent  reflection  vs.  tilt  angle  obtained  with  other  crystals. 


CHAPTER  III 
DATA  AND  RESULTS 


In  selecting  crystals  for  use  in  x-ray  spectroscopy  some  criteria  for 
selection  must  be  used.  In  the  past  the  selection  has  been  done  by  using  as 
criteria  the  rocking  curve  widths  and  values  of  per  cent  reflection.  Such 
comparisons  will  be  made  in  this  chapter.  In  addition  we  will  look  at  the 
shape  of  the  whole  curve,  with  particular  emphasis  on  the  tails.  !nie  data  to 
be  presented  and  discussed  in  this  chapter  include  rocking  curves  and  their 
widths  and  shapes,  and  values  of  the  per  cent  reflection  and  coefficient  of 
reflection.  Data  on  the  one  crystal  which  was  subjected  to  radiation  damage 
will  also  be  presented  and  discussed. 
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X-Ray  Reflection  Characteristics 


This  section  discusses  the  data  on  the  parallel  and  anti-parallel 
rocking  curves  of  the  crystals.  These  curves  were  taken  in  the  usual  way, 
l.e.,  by  rocking  the  B  crystal,  leaving  the  A  crystal  stationary.  One 
natural  crystal,  was  arbitrarily  chosen  and  placed  in  the  A-crystal 

ij!  The  crystal  designations  are  as  follovs.  Y~and  YB  indicate  natural 
crystals;  YS  Indicates  synthetic  crystals.  The  niamber  following  the  above 
designation  ideiitifies  a  particular  crystal.  The  letters  B  azid  F  indicate 
the  eurbltraril^  selected  back  and  front  faces,  respectively.  The  number 
following  the  face  designation  indicates  which  section  of  a  synthetic  crys¬ 
tal  is  being  discussed.  Thus,  YS-2-F1  is  the  designation  for  the  first  sec- 
tion  of  the  front  face  of  the  synthetic  crystal  number  two. 

position.  Then  (1,-1)  exuves  were  run  with  each  of  the  '‘emalnlng  natural 
crystals.  The  B  crystal  from  the  pair  with  the  curve  having  the  lowest  tails, 
Y5-F,  was  then  placed  in  the  A  position  and  (l,-l)  curves  with  sosie  of  the  re¬ 
maining  crystals  were  taken.  On  the  basis  of  the  width  and  shape  of  these 
curves  (low  tails),  Y3-F  and  yU-P  were  selected  as  the  best  pair.  yU-F  was 
used  in  the  A  position  for  the  remainder  of  the  work. 

Since  recording  a  (l,-l)  cui*ve,  coBq;>lete  with  its  tails,  is  a  time- 
consvuning  task,  a  few  crystals  were  selected  for  further  stu^.  These  crys¬ 
tals,  when  paired  with  Y4-F,  gave  values  of  (l,-l)  curve  width  (v),  per  cent 
reflection  (P),  and  coefficient  of  reflection  (R)  which  covered  the  range  of 
observed  values  of  these  quantities.  The  crystals  were  Y3-F,  Y2-F,  12-B, 
YS-2-F1,  YS-2-F5,  and  YS-3-B5.  After  their  (l»-l)  curves  and  values  of  w,  P, 
and  R  were  determined,  these  crystals  were  etched  in  hd  per  cent  hydrofluoric 
acid  for  five- second  intervals  until  further  etching  had  no  effect  on  the 
(l,-l)  curves.  The  above  quantities  were  then  remeasured  for  each  crystal, 
again  using  Y*4-F  as  the  A  crystal.  The  index  of  asymmetry,  defined  as  the 
ratio  of  the  half-width  at  half  maximum  on  the  positive  side  of  the  (1,-1) 
peak  to  the  half-width  at 
calculated  for  each  curve. 

Ijr.  The  notation  for  the  positive  and  negative  sides  of  tbe  rocking  curve  ' 
peak  follows  that  given  by  A.  H.  Compton  and  S.  K.  Allison,  X-Rays  in  Theory 
and  Experiment,  (D.  Van  Nostrand  and  Co.,  New  York,  1935)»  ^2nd  ea.,  p.  71^» 


h^f  maximum  on  the  negative  side  of  the  peak,  vms 


After  these  selected  crystals  were  etched  and  the  above  data  takm,  tte 
"best"  natural  crystal  (YJ-F),  the  "best"  synthetic  crystal  (Y&*2-fl),  mad  a 
crystal  with  anomalous  tehavior  (YS-5-B3)  were  selected  for  still  further 
study.  Each  of  these  crystals  was  in  turn  paired  with  Tk-F,  and  (l,>l)  curves 
of  the  Cu  Kot  doublet  were  taken.  From  these  curves  the  widths  of  the  and 
lines,  the  indices  of  asymmetry,  the  overlap  factors, ^5  the  relative 

^e  overlap  factor  is  defined  as  the  ratio  o^  tine  minimum  ordinate  * 
tween  the  and  peaks  to  the  maximum  ordinate  of  the  0^  line,  ail  ■uiti- 
plied  by  the  ratio  of  intensity  of  to  G^. 

intensities  of  the  peaks,  and  the  peak  separations  were  measured. 


!nie  data  from  the  above  Inveatlgatlons  are  presented  In  Tables  1  through 
VIII  and  representative  curves  are  shovm  in  Pigs.  1-5*  Ihe  values  of  w  and 
P  are  accurate  to  about  1  per  cent,^®  and  the  values  of  R  are  good  to  about 

if;.  Because  of  the  high  counting  rates  near  the  peaks  of  the  (l|>i)  curves 
it  vas  necessary  to  make  corrections  for  the  estimated  3  to  ^  microsecond 
dead  time  of  the  detection  system.  This  correction  has  been  made  for  the 
measurements  of  P,  but  vas  found  to  be  negligible  for  v  and  R. 

As  stated  previously,  tilt  adjustments  have  been  made  on  only  a  few  crys¬ 
tals.  Since  V  and  P  are  dependent  on  the  vertical  angle  between  tiie  atomic 
planes,  the  values  given  for  these  quantities  in  Tables  I  and  II  may  not  be 
the  optimum  ones.  However,  since  v  has  its  lowest  value  and  P  has  its  highest 
value  when  the  planes  are  parallel,  the  values  in  Tables  I  and  II  are,  if  any¬ 
thing,  less  favorable  than  those  which  would  be  obtained  if  the  tUt  adjust¬ 
ment  had  been  meide. 


3  per  cent.  The  crossover  points  and  ratios  of  (1,-1)  curve  ordinates  to 
Lorentzlan  ordinates  are  good  to  about  3  pez*  cent.  These  data  will  be  dis¬ 
cussed  in  subsequent  sections. 


Empirical  correlations.  Previous  discussions  of  crystal  properties,  as 
involved  in  resolving  power  correct  ions,  ^7  have  atteiiq)ted  empirical  correla- 

See,  e.g.,  L.  G.  Parratt,  Rev.  Scl.  Instr.  6,  3^7  (1935) • 


tlons  among  these  properties  in  order  to  determine  a  method  of  characterizing 
the  reflection  properties  of  crystals.  Among  these  correlations  are  those 
relating  (1,+1)  curve  width  to  (1,-1)  curve  width,  and  per  cent  reflection  to 
(1,-1)  curve  width.  Although,  as  we  shall  see  later,  such  correlaticms  have 
but  limited  usefalness,  it  is  still  instructive  to  examine  them.  We  shall, 
therefore,  first  look  at  the  empirical  relations,  and  later  compare  our  re¬ 
sults  with  the  existing  theory. 

We  consider  'tlrst  the  correlation  of  (l,'*‘l)  width  and  (1,-1)  width  (see 
Fig.  l).  The  data  represented  here  are  those  of  this  investi^ticm  and  those 
of  Parratt. ^7  jt  can  be  seen  that  the  three  points  observed  in  this  investiga¬ 
tion  fkll  quite  close  to  the  curve.  Parratt  has  classified  crystals  into  two 
groups  according  to  their  spec trome trie  perfection.  Crystals  of  Class  I  give 
points  which  fall  below  the  curve  and  those  of  Class  U  give  points  above  the 
curve.  According  to  this  classification  of  crystals,  there  are  two  pairs  of 
crystals  of  Class  I  and  one  pair  of  Class  II.  Note  that  two  crystals  having 
nearly  tht  same  (1,-^1)  width  have  different  (1,-1)  widths,  indicating  that 
use  of  the  correlation  of  (!.'*'!)  widths  to  (1,-1)  curve  widths  is  not  a  re¬ 
liable  means  of  crystal  selection.  This  and  the  other  esplrical  correlations 
will  be  discussed  in  more  detail  later  in  the  chapter. 

We  consider  next  the  correlation  between  per  cent  reflection  and  (1,-1) 
curve  width  (see  Pig.  2).  Although  most  of  the  points  lie  near  the  curve, 
indicating  a  rough  correlation  between  these  quantities,  there  is  ccmsiderable 
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TABLE  I 


FER  CENT  ttEFLBCnOB,  CQBmCIEHT  OF  RE!IECTIC»,  AND 
CURVE  WIDTH  FOR  OHE  NATWAL  CRYSTALS 
BEFORE  AND  AFISR  EICEINO» 


B>Crystal 

(wc) 

(XD) 

P 

R«* 

(radians) 

Index  of 
Asyawtry 

DEP  Iheory 

k.9 

.099 

64 

1.82x10’^ 

1.00 

Yl-F  after 

5.03 

.102 

61.0 

1.93 

1.11 

Yl-B  after 

5.03 

.102 

62.0 

1.92 

.91 

Y2-F  before 

10.7 

.237 

34.8 

1.07 

after 

A.93 

.100 

57.7 

.... 

.92 

Y2-B  before 

10.7 

.237 

53.9 

1.02 

after 

4.93 

.100 

60.1 

2.02 

1.06 

YJ-F  before 

5.20 

.105 

5«.5 

^mmm 

1.00 

after 

5.15 

.105 

60.5 

1.93 

1.00 

YN-l-F  Nov. 

6.00 

.122 

51.8 

mmmm 

1.09 

June 

5.77 

.117 

mm  m  m 

1.09 

YN-l-B  Nov. 

8.80 

• 

-j 

00 

41.0 

mmmm 

.87 

June 

8.35 

.169 

— — 

mmmm 

.73 

YN-iJ-F  Nov. 

6.00 

.122 

51.0 

mmmm 

.84 

June 

5.95 

.120 

— — 

mmmm 

.87 

1N-2.B  Nov. 

6.67 

.135 

50.5 

mmmm 

1.02 

June 

6.64 

.135 

•••• 

mmmm 

1.01 

^in  each  case  the  A  crystal  was 


**1he  VAlues  of  R  given  here  neglect  intensity  heyood  .AO  hnlf-vldtbs,  hut 
this  is  believed  to  introduce  an  error  of  no  iKMre  thin  )  per  cent. 
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TABLE  II 


PER  CEHT  RESLECnOH,  CQEFFICIEIIT  OP  REFLECTION,  AND 
CURVE  WIDIH  FOR  THE  SYNTHETIC  CRYSTALS 
BEFORE  AND  AFTER  ETCHING* ** 


B-Crystal 

w 

(sec) 

V 

(XU) 

P 

R™ 

(radians) 

Index  of 
Asynmetry 

DEP  Theory 

k.9 

.099 

64 

1.82x10*5 

1.00 

YS-l-Fl 

5.16 

.105 

61.0 

.94 

YS-1-F5 

5.06 

.103 

61.2 

1.03 

Y8>1-B1 

5.10 

.103 

60.2 

.97 

YS-1-B3 

k.96 

.101 

61.1 

.96 

YS-2-F1  before 

5.18 

.105 

58.9 

1.92 

1.01 

after 

5.01 

.102 

62.0 

1.93 

.96 

YS-2-F3  before 

5.13 

.104 

58.2 

2.12 

1.14 

after 

5.03 

.102 

62.6 

1.96 

.92 

YS-2.B1 

5.20 

.105 

63.0 

.94 

YS-2-B3 

5.23 

.106 

61.4 

.... 

.99 

YS-3-F1 

5.26 

.107 

60.1 

— 

1.05 

YS-3-F5 

5.10 

.103 

62.0 

— — 

1.07 

YS-3-B1 

5.02 

.102 

61.1 

— — 

.94 

YS-3-B3  before 

6.62 

.134 

46.4 

2.04 

.91 

after 

6.75 

.137 

48.6 

2.04 

.93 

*In  each  caae  the  A  crystal  vas  Y4-F. 

**The  values  of  R  given  here  neglect  intensity  beyond  itO  half>vidtbs,  but 
this  is  believed  to  introduce  an  error  of  no  nore  than  3  per  cent. 


TABLE  III 


RATIOS  OF  (1,-1)  CURVE  QRDUIAaSS  TO  ORDIKATBS  OF  A  MATCHED  LOflBHIZIAH 
AT  ^  ARD  3^  HALF-WIDTHS  IROM  THE  PEAK,  AND  CROSSOVER  POINTS 
FOR  (1,-1)  CURVE  CROSSING  MATCHED  LORENTZIAN» 


Crystal  (CA)^  ^^^^55  Crossover 


+ 

- 

+ 

• 

+ 

- 

n-F  afteiHW 

.47 

.53 

.61 

.55 

140 

135 

Y2-F  before 

1.66 

1.71 

mmmm 

1.0 

1.0 

after 

.66 

.88 

— - 

9.75 

8.0 

Y2-B  before 

1.6k 

1.64 

1.2 

1.0 

after 

.62 

.75 

1.02 

1.11 

26.2 

23.0 

Y3-F  before 

.4? 

.47 

after 

.39 

.44 

.41 

.44 

183 

185 

yS-2-Fl  before 

.62 

.62 

.71 

.71 

after 

.42 

.44 

.52 

.49 

— — 

YS-2-P3  before 

.88 

.83 

.99 

.99 

mmmm 

mmmm 

after 

.44 

.4? 

.49 

.50 

mmmm 

mmmm 

IS-5-B3  before 

.34 

.34 

.34 

.35 

mmmm 

mmmm 

after 

.31 

.34 

.28 

.37 

mmmm 

mmmm 

*In  each  case  the  A  crystal  vas  Y^F.  The  distances  of  crossovers  froi  the 
peak  are  measured  in  terms  of  the  half-vld^th  «t  half  maximal  of  the  curve 
under  consideration. 


♦•"Before"  and  "after"  refer  to  the  etching  process. 
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TABLE  IV 


CHARACTERISTICS  OF  THE  (l,+l)  CURVE 
OF  THE  Cu  KQ  DOUBLET 


Characteristic  __ 

B-Crystal* 

T5-F 

YS-2-F1 

YS-3-B3 

Overlap  Factor 

5.2ad0'^ 

5.0x10"^ 

5.1x10-2 

width  (sec) 

0^  line 

26.2 

25. k 

26.2 

0^  line 

56.0 

35.5 

35.9 

(i,+l)  width  (lU) 

line 

.530 

.51^» 

.530 

0^  line 

.732 

.720 

.725 

Index  of  Asynnetry 

line 

1.1k 

1.16 

1.19 

02  ^ine 

1.33 

1.33 

1.33 

Ratio  of  Peak 

Intensities  (a^a^) 

.kl5 

.k25 

.k23 

Peak  Separation 

(sec) 

189 

188 

189 

(*u) 

3.83 

3.81 

3.83 

■■With  Y4«F  as  the  A  crystal.  I^r  the  parallel  positioa  rockijog  curw 
characteristics  of  these  crystals  see  Tables  I  and  II. 
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TABLE  V 


CALCULAOED  CRYSTAL  OXFFHACTION  PATTERN  WUXEHS 
ASSUMING  LORENTZIAN  SHAPE 


Crystal 

w* 

_ tS£«J _ 

Single  Crystal 
Pattern  Width  (sec) 

Nov. 

1959 

June 

i960 

NOV. 

1959 

June 

i960 

Yl-P 

5.03 

2.1»9 

Y3-P 

5.15 

5.00 

2.59 

Y4-F 

2.57 

mmmm 

YN-l-P 

6.00 

5.77 

3.^^3 

3.20 

YN-l-B 

8.80 

8.35 

6.23 

5.78 

YN-2-P 

6.00 

5.95 

3.^3 

3.38 

YN-2-B 

6.67 

6,6k 

4.10 

4.07 

^Measured  width  with  Y^F  as  the  A  cryetalT 


TABLE  VI 


I 

I 

I 


CALCULATED  WIDTHS  ASSUMING  LCSENT21AN  SHAPE 


Crystal 

w* 

Calc,  (sec) 

w* 

Exp.  (sec) 

Per  Cent 
Difference 

Feh.  June 

i960  i960 

Feb. 

i960 

June 

i960 

i960 

June 

i960 

n-p 

5.08  - 

5.08 

— — 

0.0 

IK-l-F 

6.02  5.79 

7.22 

6.62 

-16.6 

-12.5 

TK-l-B 

8.82  8.37 

6.28 

7.17 

+J*0.5 

+16.7 

YN-2-P 

6.02  5.97 

5.70 

6.38 

+  5*6 

-  6.4 

IH-2-B 

6.69  6.66 

6.17 

6.26 

+  8.4 

+  6.4 

^With  Y3-F  as  the  A  crystal. 

TABLE  VII 

ETCH  PIT  DENSITIES 

Crystal 

w 

Average  Number 

(sec) 

per  cm*^ 

Yl-F 

5.08 

2.5x10^ 

Y2-F 

4.93 

50 

Y2-B 

4.95 

30 

Y3-F 

5.15 

5.0 

YS-2-F 

5.05 

7.5 

YS-3-B 

6.75 

2.5 

13 


TABLE  Vin 


(1,-1)  CURVE  CHARACTERISnCS 
OF  CRISIAL  Yl-F  BEFORE  ARD  ATZER  ZRRADZATICff 


Characteristic 

Before  Irr. 

After  Irr. 

(1,-1)  width* 

5.03  sec 

3.06  sec 

Per  cent  Reflection 

61.0 

Coefficient  of 

Reflectior 

1.93x10*5 

2.03x10*5 

Lorentzian  Crossover 

+  side  of  peak 

1»»0  ±  5 

lli2  ±  3 

-  side  of  peak 

135  ±  5 

145  ±  5 

*With  Y4-F  as  crystal  A. 
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Fig.  3  -  Cur/e  and  Matched  Lorentzlan  for  a  Topical 

Crystal  Pair 


Quartz  Crystal 


After  Irradiation 
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Fig.  ^  -  Optical  Transmission  of  Irradiated  Crystal 
Before  aiid  After  Irradiation 


scatter.  This  scatter,  which  reduces  the  usefulness  of  the  correlation, 
results  from  differences  of  shape  of  the  single  crystal  dlfftactlcm  patterns. 

We  consider,  finally,  the  Indices  of  asym&etrv  vhlch  have  been  cal* 
culated  for  each  (l,*l)  curve  (see  Tables  I  and  II).  The  Large  scatter  In 
these  values  Indicates  that  there  Is  no  strong  correlation  with  any  of  the 
other  characteristics. 

As  has  been  stated  previously,  another  characteristic  of  Interest  to  us 
Is  the  shape  of  the  tails  of  the  ^,-1)  curve.  In  an  attes^t  to  establish  a 
semlquantltatlve  method  of  cooqiarlson  of  the  tails,  each  (l,*l)  curve  was 
compared  with  a  Lorentzlan  which  was  matched  at  the  peak  and  half-maximum 
points.  (The  central  region  of  such  a  cutats  is  shown  In  Fig.  3.)  Batios  of 
the  (1,-1)  curve  ordinates  to  the  Lorentzlan  ordinates  at  5  and  at  35  half¬ 
widths  on  either  side  of  the  peak  were  then  calculated  (see  Table  III). 
lk>te  that  the  ratios  for  the  etched  crystals,  except  Y2,  are  less  than  one 
and  those  for  the  synthetic  crystals  are  about  the  same  as  those  for  the 
natural  crystals. 

It  is  interesting  to  note  that  one  crysUd  (YS-3-B3)  displays  an  appar¬ 
ently  anomalous  behavior.  Referring  to  Thble  II,  It  is  seen  that,  even 
after  103  seconds  of  etching,  this  crystal  has  a  (1,-1)  width  of  6.75  sec¬ 
onds  when  paired  with  Y^-F,  and  a  reflection  of  hd.o  per  cent.  These  re¬ 
sults  are,  respectively,  3d  per  cent  larger  than  and  2k  per  cent  less  than 
predicted.  Hotfever,  the  measured  coefficient  of  reflection,  the  tails  of 
the  (1,-1)  curve,  and  the  overlap  factor  and  indices  of  asymmetry  for  the 
(l,-**!)  curve,  as  given  in  Table  IV,  are  about  the  same  as  those  of  the  otter 
crystals.  So  explanatl<m  of  this  behavior  is  proposed. 

Other  apparent  anomalies  are  Involved  In  the  measurements  of  v  which  are 
listed  In  Tables  V  and  VI.  For  these  measurements  various  crystals  (IK-I-F, 
YN-l-B,  YV-2-F,  and  YB-S-B)  were  paired  first  with  Y^F  and  then  with  Y3-F 
as  the  A  cryst^.  We  see  that  the  value  of  w  for  YB-2-B  and  YB-l-B  when 
paired  with  Y^F  Is  larger  than  the  value  of  w  for  these  crystals  Artien  paired 
with  Y3-F.  The  reverse  is  true  for  YH-l-F  and  YII-2-F.  Since  Y3-F  and  T^-F, 
when  paired,  give  a  symmetrical  curve  (see  Thble  I)  their  diffraction  pat¬ 
terns  must  either  be  identical  or  synsetricsil,  or  both,  as  we  shall  see  later. 
On  this  basis,  then,  cxie  would  expect  that  if  w  is  larger  for  a  given  crystal 
when  paired  ^ith  Y^F  than  when  that  crystal  Is  paired  with  Y3*F,  then  w 
for  any  other  crystal  should  be  larger  with  Y^F  than  with  1>>F.  As  we  have 
seen,  however,  this  Is  not  necessarily  the  case.  IVo  sets  of  values  of  v, 
meastured  at  different  times,  are  listed  in  Tbles  V  and  VI.  Alth<»igh  the  in¬ 
dividual  widths  have  changed  somewhat,  the  apparent  anomaly  idilch  was  pointed 

l6.  Y!^r  and  Y^F  «dien  paired  give,  within  e^rlaental  error,  t^  sane 
curves  at  both  times,  so  we  nay  infer  that  the  change  has  occurred  in  YI-l-F, 
YR-2-F,  and  YB-2-B. _ 

out  above  Is  present  In  both  sets  of  measurements.  Althou^  the  raasoos  fOr 
the  anomaly  are  not  as  yet  understood.  Its  existence  points  the  need 
careful  Investigation  of  each  pair  of  crystals. 


Conqparlson  vlth  theory.  The  scattering  of  x-rays  from  crystals  involves 
two  main  processes :  coherent  euid  incoherent  scattering.  No  single  theory  to 
date  takes  simultaneous  account  of  both  types.  On  the  one  hand  we  have  theo¬ 
ries  such  as  the  Darwin-Ewald-Prins  (DEP)  theory  which  considers  only  coherent 
scattering  from  perfect  crystals;  suid  on  the  other  hand  we  have  sepeorate  theo¬ 
ries  for  the  various  types  of  incoherent  scattering,  such  as  thermal  diffuse 
scattering  (TDS),  Compton  scattering,  and  scattering  by  imperfections  in  the 
crystal.  The  relative  Importance  of  the  coherent  and  incoherent  scattering 
varies  with  the  part  of  the  crystal  diffraction  pattern  under  consideration. 

In  piurtlcular,  the  coherent  scattering  gives  the  major  contribution  in  the 
central  region  around  the  Bragg  peak,  whereas  the  incoherent  processes  make 
their  major  contributions  in  the  region  of  the  tails  of  the  crystal  diffrac¬ 
tion  patterns.  We  shall  therefore  divide  our  discussion  of  the  theories  into 
two  corresponding  sections.  We  begin  a  discussion  of  the  central  region  of 
the  diffraction  pattern  with  a  consideration  of  the  DEP  theory. 

The  DEP  theory  assumes  that^^ 

19*  For  a  detailed  discussion  of  the  DEP  theory  see,  e.g.,  R.  W.  James, 
Optical  ^^ciples  of  the  Diffraction  of  X-Rays  (G.  Bell  and  Sons  Ltd., 
lond<»,  1^$0),  cEap.  li  and  the  material  of  Appendix  II  of  this  thesis. 

1.  All  crystals  have  identical  single  crystal  diffraction  patterns. 

2.  Only  Bragg  reflection  occurs,  and  the  crystals  sure  perfect. 

Single  crystal  diffraction  patterns  (and  from  them  (1,-1)  and  (l,+l) 
curves)  have  been  calculated  for  calcite  using  the  DEP  theory,^  but  none 

;5o.  A.  H.  Cosyton  and  S.  K.  Allison^  X-Rays  in  Pieory  and  Experiment 
(D.  Van  Hostrand  and  Co.,  Hew  York,  19^5),  ^d  ed.  p.  726. 


have  as  yet  been  calculated  for  quartz.  The  theoretical  (l,-l)  curves  is  ob¬ 
tained  by  plotting'^^ 

0(k)  •  F^(£)F^(£-k)d^  , 


IT!  For  a  discussion  of  this  equation  cee  Appendix  II. 


where  F2^(i)  and  F  (l-k)  are  the  diffraction  patterns  of  the  first  and  second 
crystals,  respectively,  and  0(k)  is  the  ordinate  of  the  (l,-l)  curve  \.hen  the 
angle  between  the  crystals  is  given  by  k.  If  ^i(k)  is  asynanetric,  then  Fi  and 
Fo  must  be  different  and  asymmetric  functions.  An  examination  of  the  indices 
of  asymmetry  given  in  Tables  I  and  II  shows  that  most  of  the  curves  are  near¬ 
ly  symmetrical,  and,  for  some,  the  assumption  of  identicad  diffraction  pat¬ 
terns  is  probably  good  within  a  few  per  cent. 

Other  parameters  of  the  peak  region  are  w,  P,  and  R.  Values  of  these 
quantities  have  been  calculated  for  quartz  by  Adell  ^  al^*^  and  are  listed  in 

2I&.  0.  Atiell,  d.  brogren,  and  L  £.  kaeggblcxn,  Arkiv  Fyslk  I,  197  (1953). 


Tables  I  and  II.  Coiqparing  the  ejq>erimental  values  of  these  parameters  with 
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those  predicted  by  the  theory,  we  see  that  for  most  of  the  crystals  the 
agreement  is  within  a  few  per  cent.  In  the  centred  region,  then,  the  agree* 
ment  between  the  theoretically  predicted  values  of  w,  P,  and  R  and  the 
measured  values  of  these  quantities  indicate  that  compeurison  with  the  theory 
can  be  used  eus  a  guide  for  determining  the  degree  of  perfection  of  crystals. 


We  now  turn  to  the  tails,  and  the  incoherent  scattering  processes 
which  are  isportant  in  this  region  of  the  curve. 

Chipnan  and  Paskin^^  have  studied  the  scattering  of  x-rays  from  lead 

25.  D.  R.  Chipman  and  A.  Paskin,  J.  Appl.  Phys.  1992#  1996 

and  copper  in  the  region  of  Bragg  peaks.  They  have  concluded  that  for  these 
materleds  the  TDS  can  account  for  almost  all  of  the  tails  of  these  peaks, 
and  that  the  contribution  to  the  Integrated  intensity  may  be  as  large  as 
1^  per  cent  in  the  case  of  lead  for  Cu  Ka  radiation.  In  addition,  they  point 
out  that  a  calcvdatlon  of  TDS  idiich  takes  account  of  two-phonon  scattering 
processes  exhibits  peaks  coinciding  with  some  of  the  Bragg  reflections  and 
that  occasionally  these  peaks  are  rather  sharp.  The  role  of  the  TDS  in 
quartz  has  not  been  evaluated  quantitatively  and  t^e  results  of  Chipamn 
and  Paskin  cannot  be  easily  extrapolated  to  quartz  because  of  the  difference 
in  the  crystal  structure.  But,  since  the  Debye  tenqperature  of  quartz  (about 
500®K)^^  is  much  higher  than  that  of  lead  (about  0OOK),  it  is  ejqpected  that 

D.  W.  Berreman  and  T.  T.  Chang,  J.  Appl.  Phys.  30,  9^?  (19^}* 


the  TDS  intensity  would  be  much  smaller  for  quartz.  It  would  be  of  interest, 
however,  to  have  calculations  on  the  TDS  in  quartz  because,  to  the  extent 
that  it  is  important  in  the  central  region,  and  particularly  If  it  peaks  at 
the  Bragg  peak,  it  will  affect  the  shapes  of  tiie  rocking  curves  and  will  need 
to  be  taken  into  account. 

Compton  scattering  also  contributes  to  the  diffuse  scattering  in  quartz. 
To  the  author's  knowledge,  no  experimental  information  on  the  magnitude  of 
this  contribution  is  available  and  no  calculations  of  it  have  been  made. 

Such  calculations  would  have  to  consider  not  only  the  effects  of  electron 
binding  in  the  at(xns,  but  also  the  fact  that  the  atoms  wre  in  a  crystal 
lattice.  Ihe  probability  of  a  Compton  scattering  process,  which  gives  rise 
to  an  electron  of  a  specific  energy,  depends  on  the  availability  of  an  eiq>ty 
energy  level  to  which  the  electron  may  go,  which  in  turn  depends  on  the  elec¬ 
tron  energy  band  structure  of  the  crystal.  Walkcr^5  iias  illustrated  this 

25.  C.  B.  Walker,  Phys.  Rev.  105,  55^^  (l95o)- 


point  well  for  the  case  of  aluminum.  In  an  insulator  such  as  quarts,  the 
ejected  electron  must  liave  a  minimum  energy,  viz.,  the  energy  of  the  band  gap, 
in  order  for  the  scattering  process  to  have  an  appreciable  probability  of 
taking  place.  The  Cooqit^  scattering  in  diamond  has  been  observed  by 
Alexopoulos  and  Brogren,^  who  report  a  gap  between  the  Bragg  scattered 
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radiation  and  the  Conqpton  scattered  radiation  approximately  equal  to  the 
known  electron  energy  band  gap.  To  the  author's  knowledge,  the  band  gap  for 
quartz  has  been  neither  measured  nor  calculated,  but  it  is  reasonable  to 
assume  that  it  lies  in  the  range  of  ^  to  10  ev.  The  minimum  separation  be¬ 
tween  the  energy  of  the  Bragg  peak  and  tne  Compton  scattering  should  also  lie 
in  this  range.  As  has  been  noted,  there  are  no  quantitative  data  available 
on  the  Coiiq>ton  scattering  from  quartz,  but  it  is  probably  of  the  same  order 
or  magnitude  as  the  TDS. 

A  third  factor  contributing  to  th^*  :hape  of  the  diffraction  pattern  is 
scattering  by  iaq^erfections  in  the  lattice.  The  imperfections  may  be  chem¬ 
ical  ijiqpurltles  or  mechanical  imperfections  such  as  dislocations.  The  mis- 
orlentations  produced  by  dislocations  will  broaden  the  (1,-1)  curves  and  will 
also  produce  diffuse  scattering,  which  is  especially  important  in  the  tail 
reglcm.  The  density  of  dlslocatlc  'S  in  a  r'  -vstal  may  be  inferred  from  the 
observed  etch  pit  densities.  Kurtr,  et  al,  iia'’e  reported  a  direct  correla- 
ti<Mi  between  etch  pit  densities  and  l,-lj  c  vo  widths  for  germanium. 

fc7«  A.  D.  Kurtz,  S.  A.  Kulin,  and  B.  L.  A/erbach,  Phys.  Rev.  101,  1^8$  (1956) 


In  an  effort  to  see  if  such  correlations  exist  for  quartz,  etch  pit  densities 
were  determined  for  several  ystals,  and  are  listed  in  Table  VII.  The  aver¬ 
age  density,  exci.uding  crysta^  Y2,  was  5  x  10^  cm"*^  while  for  Y2  it  was 
30  x  lo5  cm”^.  If  we  compaxe  the  (l,-l)  curve  width  of  with  that  of  the 
remaining  crystals  (see  l^oles  I  and  II),  we  see  that  an  increase  of  a  factor 

of  six  in  the  etch  pit  densit  /  has  no  appreciable  broadening  effect  on  the 

observed  (1,-1)  curve.  Ho  ev^r,  since  the  etch  pits  are  indications  of  dis¬ 
locations  which  prouace  mi^orientatlons  of  the  atomic  planes,  the  crystals 
are  obviously  less  than  perfect. 

Although  the  wiuth  of  the  (1,-1)  curve  seems  to  show  no  functional  de¬ 
pendence  on  the  number  of  dislocations,  the  tails  of  the  (1,-1)  curve  do  seem, 
at  least  in  a  rc  ugh  way,  tc  ce  so  affected.  From  Tables  I,  III,  and  VII  we 
note  that  crystal  Y^  has  the  highest  etch  pit  it-nsity  and  has  also  the  high¬ 
est  tails  of  those  crystals  observed.  On  the  other  .'.and,  the  width  of  Yc'  is 

about  the  smallest  measured.  If  the  height  of  the  tail.:  is  in  fact  due  to 
a  large  di.siocation  density,  one  .might  expect  t;.at  the  width  would  also  be 
large.  We  do  not  at  present  r.avv  any  e;«.pia:mt l^n  for  why  this  is  not  so. 

Analytic  representation  of  a  (1,-1)  curve.  Often  in  correction  proced¬ 
ures,  ns  a  matter  of  convenience,  t.ne  (1,-1)  cur.*’e  is  replaced  by  a  Lorentciar. 
We  will  now  examine  the  validity  of  S  ich  culsti  *.  it  Lons . 

A  typical  (1,-1)  curve  (that  for  YP---F1  with  Y'l-F)  which  has  been  nor¬ 
malized  to  unit  intensity  at  t:.c  {icak,  and  plotted  as  a  function  of  the  half¬ 
width  at  half  maximum  intensity  (f>),  i.  rhowi;  in  Fig.  3*  The  curve  is  com¬ 
pared  with  a  similarly  normalized  Lorentzion  of  the  .^ame  half-width  plotted 
on  the  same  scale.  It  can  be  seen  that  whereas  in  the  central  region  the  fit 
is  within  experiasentel  error,  beyond  one  t»aif-width  on  each  side  the  (1,-1) 
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curve  falls  below  the  Lorentzitui.  It  has  been  the  author's  experience  that 
a  (1,-1)  curve  will  eventuaJly  rise  above  its  matched  Lorentzian.  Therefore, 
the  points  at  \dilch  these  two  curves  cross  over  may  be  used  as  a  means  of 
comparison.  ISiese  crossover  points,  for  the  natural  crystals,  are  listed  in 
Table  111.  Unfortunately,  the  presence  of  the  seed  crystal  in  each  synthetic 
plate  geometrically  limits  the  study  of  the  (1,-1)  curve  to  a  region  within 
forty  half-widths  on  either  side  of  the  peak,  and  in  each  case  the  crossover, 
if  it  exists,  is  beyond  this  region.  Therefore,  in  place  of  a  crossover  point, 
the  ratios  of  the  ordinates  of  the  (1,-1)  curve  to  that  of  the  matched  Lorent¬ 
zian  at  5  at  3^  half-widths  from  the  peak  are  used  as  a  basis  for  compari¬ 
son.  These  ratios  are  listed  in  Table  III. 

In  the  correction  procedures  we  also  need  information  about  the  area 
under  the  tails  of  the  cury^es.  For  a  Lorentzian,  the  ordinate  at  a  distance 
of  ^  from  the  peak  is  6.^3  x  10*^,  and  the  area  out  to  this  abscissa  value 
accounts  for  99  par  cent  of  the  total  area  of  the  Loirentzian.  If  we  arbi¬ 
trarily  consider  the  region  of  the  tails  eis  beginning  at  then  the  area 
under  the  Lorentzian  tails  amounts  to  29  per  cen^  of  the  area  out  to 
whereas  the  corresponding  area  under  the  (1,-1)  curve  amounts  to  about  13 
per  cent  of  Uie  (1,-1)  curve  area  out  to  that  point,  ^e  difference  in  these 
two  areas  indicates  clearly  that  one  cannot  use  a  single  Lorentzian  to  repre¬ 
sent  a  (1,-1)  curve  over  its  entire  range  and  that  special  treatinent  must  be 
given  to  the  tails. 


Single  crystal  diffraction  patterns.  If,  in  spite  of  the  discussion  of 
the  previous  section,  one  assumes  that  single  crystal  patterns  can  be  repre¬ 
sented  by  Lorentzlans,  then  by  pairing  crystals  and  measuring  (x,-l)  curve 
widths,  one  can  determine  the  width  of  these  Lorentzlans  and  preset  (l,-l) 
curve  widths  for  other  combinations,  l^is  is  quite  slnply  done  since,  if  A 
and  B  are  the  single  crystal  Lorentzian  widths,  the  (1,-1)  curve  will  ts  a 
Lorentzian  whose  width,  w^,  is  given  by 


A  B  a  Wj^ 

This  means  that  if  one  uses  three  crystals,  having  Lorentzian  iing'e  crystal 
diffraction  patterns  of  ..idths  A,  B,  and  C,  then  by  taking  (l,-l)  widths  of 
combinations  of  these  crystals,  two  at  a  time,  one  can  solve  the  following 
equations  for  A,  B,  and  C: 


A  ♦  B  ■  w^ 
A  +  C  •  w^ 


B  ♦  C  a  Wj 

•Shis  has  been  done  for  three  crystals  li-F,  t3-F)  and  the  result#  are 

given  in  Table  V. 
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Since  the  single  crystal  pattern  width  of  y4-F  has  been  calculated  by 
the  above  method,  the  single  crystal  widths  (Lorentzian  shape)  of  the  remain¬ 
ing  crystals  could  be  calculated  from  the  values  of  w  given  in  Tables  I  and 
II.  With  these  numbers  the  values  of  w  for  several  crystals  in  combination 
with  Y3-F  were  predicted  and  then  compared  with  experi^nts.  Bie  results  of 
this  are  sho«m  in  Table  VI^  Although  for  the  borad  (1,-1)  curves  this  method 
is  not  very  accurate,  it  becomes  more  accvirate  as  the  (ij-l)  curves  become 
narrower. 


Irradiation  Effect 


Vsurious  investigators  have  reported  that  crystals  used  in  x-ray  spec¬ 
trometers  show  a  definite  deterioration  of  their  x-ray  reflection  character¬ 
istics  with  time.^^  It  seems  reasonable  to  assume  that  these  changes  result 


28.  See  R.  Kvarda,  M.  S.  thesis.  The  Ohio  State  University,  1957;  R.  J. 
Liefeld,  Ph.  D.  dissertation,  The  Ohio  State  University,  1959;  and  J.  0. 
Porteus,  Ph.  D.  dissertation,  Cornell  University,  1958* 


from  a  combination  of  surface  corrosion  and  radiation  damage.  In  fact,  it 
has  been  observed  that  etching,  or,  in  extreme  cases,  grinding  and  repolish¬ 
ing  the  crystals  may  restore  the  reflection  characteristics  to  their  original 
values. 

In  an  attempt  to  study  the  relative  importance  of  radiation  damage  in 
the  deterioration  process,  one  of  the  natural  quartz  crystals  (YI-F)  was 
subjected  to  a  dose  of  5  x  10°  roentgens  of  x-radiation  from  a  Machlett  AEG- 50 
copper  target  x-ray  tube. 29  This  dose  was  sufficient  to  produce  a  light  tan 


29.  The  x-ray  tube  was  operated  in  a  Picker  diffraction  unit,  self  rectified, 
ac  30  PKV  and  15  ma.  The  crystal  was  placed  at  a  distance  of  10  cm  from  the 
target  and  in  such  a  position  that  the  entire  irradiated  area  received  at 
least  90  per  cent  of  the  full  beam  intensity  at  that  distemce.  A  check  of  the 
optical  transmission  in  the  irradiated  area  showed  it  to  be  constant  within 
±0.5  per  cent 


coloration  in  the  irradiated  area,  and  was  probably  more  than  a  crystal  would 
receive  during  an  extended  leiigth  of  time  in  normal  spectrometer  use. 

Before  and  after  the  crystal  was  irradiated,  (l,-l)  curves  and  measure¬ 
ments  of  per  cent  reflection  were  taken.  The  values  of  w,  P,  and  R,  and  the 
Lorentzism  crossover  points  are  given  in  Table  VIII  and  the  (l,-l)  curves  are 
shown  in  Fig.  4.  It  is  apparent  that  no  appreciable  change  occurred  on  irrad¬ 
iation,  indicating  that,  at  least  for  this  crystal,  any  change  in  the  spectro- 
metric  properties  resulting  from  the  radiation  damage  is  small  and  insuffi¬ 
cient  to  e;q)lain  the  very  much  larger  changes  which  other  investigators  have 
reported. 

After  the  irradiation  of  crysteQ.  Yl-F,  its  optical  transmission  was  re¬ 
measured  as  a  fmiction  of  wavelength.  The  results  of  this  measurement,  along 
with  the  transmission  before  irradiation,  are  shown  in  Fig,  5*  The  change  in 
optical  transmission  on  irradiation  has  been  studied  by  Forman,  who  attributes 
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it  to  absorption  by  electrons  trapped  in  F-center-llke  traps. ^  It  has 
30l  G.  Fbrman,  J.  Opt.  Soc.  Am.  41,  577  (l95l)* 


recentlv  been  suggested,  on  the  basis  of  nuclear  magnetic  resonance  measure¬ 
ments,  51  that  the  electrons  trapped  in  these  color  centers  have  been  removed 

5^!  J.  H.  E.  Griffiths,  J.  Owen,  and  I.  M.  Ward  in  Report  on  the  Conference 
on  Defects  in  Crystedline  Solids,  (The  Physical  Society,  iondon,  1955) t 


from  Al~  . ions  which  are  substitutional  replacements  for  Si  atoms  in 
lattice. ' 

32^  The  su^estlon  that  the  coloration  of  quartz  is  due  to  the  presei^^'^T 
Al'  ions  is  supported  by  the  uork  of  A.  J.  Cohen  and  H.  L.  Stalth,  J.  Chem« 
Phys.  1*01  (1958)  >  ^ich  reports  a  direct  dependence  of  the  color 
on  the  amount  of  aluminum  present. 


Since  the  irradiation  induces  only  small  shifts  in  electron  densities 
in  the  quartz,  one  should  not  eiqpect  a  large  immediate  effect  on  the  x-ray  ^ 
reflection  characteristics. 55  xt  is  quite  possible  that  these  displaced 

M.  Wittels  and  F.  A.  Scherrill,  Phys.  Rev.  93,  111?  (195i^)>  haVe  shown 
that  bombardment  of  quarts  with  a  high  flux  density  of  fast  neutrons  can  com¬ 
pletely  destroy  the  crystalline  structure,  aich  a  result  is  not  esqpected 
from  x-ray  irradiation. _ 

electrons  act  as  catalytic  agencs  for  the  surface  corrosion,  which  in  turn 
produces  the  deterioration  effect. 

If  this  is  indeed  the  case,  then  it  seems  likely  that  a  crystal  with  no 
aluminum,  or  other  impurity  content,  and  having  a  more  nearly  perfect  lattice 
from  this  standpoint,  might  deteriorate  less  rapidly. Of  course  these 

54.  Crystals  of  higher  purity  and  lower  dislocation  density  than  those  in- 
vestigated  for  this  thesis  are  now  being  produced  in  the  attempt  to  obtain 
synthetic  quartz  of  high  for  use  as  oscillators.  See  J.  C.  King, 

D.  L.  Wood,  and  D.  M.  Dodd,  Phys.  Rev.  Letters  4,  300  (I96O). 

considerations  are  only  speculation  at  present;  one  must  also  consider 
physical  defects  such  as  dislocations  when  discussing  lattice  perfection. 
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CHAPTER  IV 


SIM4ARI  AND  CQNCLUSIGNS 


The  results  of  this  investigation  show  that  synthetic  queurtz  can  be 
obtained  with  spectrometrlc  properties  which  are  sufficiently  good  to  per¬ 
mit  them  to  be  used  as  replacements  for  natural  quartz  in  high-resolution 
x-ray  spectroscopy.  It  is  possible  that  special  high  purity,  high  "Q", 
synthetic  quartz  mentioned  in  Chapter  III  may  prove  to  be  even  better  than 
any  of  the  crystals,  synthetic  or  natureil,  investigated  for  this  thesis. 

It  has  also  been  shown  that  a  pair  of  crystals  can  be  adequately  char¬ 
acterized  only  by  its  cooqplete  rocking  curve,  and  a  conq^rison  of  these 
curves  is  the  only  reliable  method  of  crystal  selection.  This  has  been 
pointed  up  by  such  apparent  anomalies  as  two  crystal  pairs  having  the  same 
(l,+l)  curve  width  and  different  (1,-1)  curve  widths,  and  two  crystal  pairs 
having  the  same  per  cent  reflection  and  different  (l,-l)  curve  widths.  The 
fact  that  the  (1,-1)  curve  width  for  some  crystal  pairs  changed  in  the 
relatively  short  time  of  five  months  indicates  that  if  one  widhes  to  make 
reliable  resolving  power  corrections  to  observed  spectra,  he  must  keep  a  con¬ 
stant  check  on  the  shape  of  the  (l,-l)  curve. 

The  effect  of  x-radiatlon  damage  on  the  x-ray  reflection  characteristics 
of  natural  quartz  has  been  investigated.  It  has  been  found  that  there  are  no 
immediate  effects,  although  the  displaced  electrons  may  catalyze  surface 
corrosion  and  thus  may  help  to  produce  the  long-term  deterioration  effects 
which  have  been  observed. 
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APPENDIX  1 


RESOLVING  POWER  AND  CRYSTAL  DUTEACTION  PATTERNS 


The  resolving  power  of  a  spectrometer  ordinarily  refers  to  the  ability 
of  that  Instrument  to  separate  two  spectral  lines  so  that  they  may  be  dis¬ 
tinguished  as  such.  The  numerical  resolving  power  of  a  spectr(»neter  is  de¬ 
fined  as 


The  question  now  arises  as  to  what  one  should  use  for  In  optics  many 
criteria  have  been  established, 55  while  in  two-crystal  x-ray  spectroscopy 

35^  For  a  discussion  of  some  of  these  criteria  see  R.  W.  Ditchbum,  Li^t 
(Interscience  Publishers,  Inc.,  New  York,  1955) >  Chap.  8. 

dK  is  taken  as5^ 


A.  H.  Compton  and  S.  K.  Allison,  X-^ys  in  Theory  and  Experiment, 

(D.  Van  Nostrand  and  Co.,  New  York,  19^5) »  2nd  ed.,  p.  7^5. 

where  d0  is  the  angular  width  at  half  maximum  intensity  of  the  (l,+l)  crys- 
t€d  diffraction  pattern  and  the  dispersion  D  is 


jj  _  2tan0 
X 

Since  the  (l,+l)  diffraction  pattern  can  be  reasonably  approximated  by  the 
(1,-1)  curve,  the  value  usually  used  for  d0  is  the  width  of  the  (1,-1)  curve. 
In  a  larger  sense,  however,  one  is  interested  not  only  in  the  fact  that  a 
line  is  present  in  the  spectrum,  but  also  in  the  shape  of  the  line.  The 
numerical,  resolving  power,  while  useful,  does  not  provide  sufficient  informa¬ 
tion  for  the  determination  of  the  true  line  shape  since  the  smearing  of  the 
incident  spectrum  depends  on  the  shape  of  the  crystal  diffraction  patterns; 
and  a  diffraction  pattern  with  a  narrow  peak  may  have  either  low  or  high 
tails.  Only  if  all  diffraction  patterns  had  the  same  shape,  and  that  shape 
were  known,  vould  the  numerical  resolving  power  give  complete  characterita- 
tion  of  a  curve. 

An  observed  spectrum  0  (v^)  can  be  represented  as  the  fold,  or  convolu¬ 
tion,  of  the  true  incident  spectrum  T(v)  with  the  measuremental  smearing  func¬ 
tion  M(v-Vs)  of  the  spectrometer,  i.e., 

0(Vg)  ,  J M(v-Vg)T(v)dv  , 
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where  Vg  is  the  spectrometer  setting. 


For  a  two-crystal  x-ray  spectrometer 
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for  references  to  methods  of  solution  of  the  convolution  equation  and  the 


presentation  of  a  new  method  of  optimizing  the  solution,  see  J.  0  Porteus  and 
L.  G.  Parratt,  Technical  Report  No.  7  APOSR  TN  59*75^»  September  1,  1959* 


the  function  M(v^Vg)  can  be  represented,  at  least  in  the  region  of  the  peak, 
by  the  (l,+l)  diffraction  pattern  of  the  crystals.  In  the  tail  region  other 
factors,  such  as  slit  geometry,  must  be  taken  into  consideration.  Also, 
since  the  (l,+l)  diffraction  patterns  cannot  at  present  be  determined  e3q)eri- 
mentally,  the  (1,-1)  curve  is  used  in  its  place. 


The  shape  of  the  (1,-1)  curve,  and  particularly  the  area  under  the  tall 
relative  to  that  under  the  peak,  is  is^rtant  in  determining  the  contribution 
of  these  two  regions  to  the  smearing.  In  fact,  if  a  choice  is  to  be  made  be¬ 
tween  two  crystal  pairs,  one  with  low  tails  and  a  relatively  vide  peak,  and 
one  with  high  tails  and  a  relatively  narrow  peak,  the  choice  between  them  is 
not  clearcut,  and  the  situation  must  be  examined  closely  to  see  which  pair 
will  produce  the  smaller  smearing. 
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AFRENDIX  U 


THE  DARWUf-EWALD-FRlHS  THBOBY  OP  X-RAY  DIFTRACTXOi 
PRGM  FERfBCT  CRYSTALS 


This  section  contains  a  sunniary  of  the  results  of  the  SBP  theory^  and 

^6.  For  a  more  complete  discussion  of  tjhls  theory  see  R.  W.  Jaaes« 

Optical  Principles  of  Diffraction  of  X-Rays  (G.  Bell  and  Sons,  LiiT, 
London,  'i9y)).  ~ 

a  discussion  of  the  precision  with  vhlch  values  of  the  (1,-1)  curve  vldth, 
per  cent  reflection,  and  coefficient  of  reflectlcxi  can  be  calculated  from 
these  results. 


Single-  Mid  doi^le- crystal  dlffractlqa  patterns.  Let  F(|)  be  the  fftio 
of  the  Inienslty  reflected  from  a  crystal  to  that  Incident  on  it.  Then” 


F(/)  -  , - - 

a|  M(p/»)Wli-i{p/8)J  -t(A+lB)/6) 

4.  l|  (A-HB)  X/6  cos28b _ _ 

3  ^l(^/8)±^/(^i(^/6M2  .((A+lB)/BFcos^aej 


(1) 


39^  The  specific  notation  used  here  is  that  of  6.  Brogren,  Arklv  Fyslk  6, 
321  (1933). _ _ _  " 

where 


A+IB  -  J  (F^/Z^)(6^+i0^)  , 

■  structure  factor  uf  the  1-type  atoais  in  the  unit  cell, 

Z.  ■  total  number  of  electrons  associated  with  1-type  atoas 
In  the  unit  cell, 

a  unit  decrement  of  the  Index  of  refraction  of  a  aaterlal 
conqposed  of  i-type  atoms, 

«  (V*«r)ni  , 

|i^  a  linear  absorption  coefficient  of  a  aaterlal  composed  of 
1-type  atoms. 


%  ■  Bragg  angle,  and 


$  -  (8in2ej/2)(e-ej).i. 


Bq^atlon  (l)  can  also  be  written  as 


P(|)  .  1/2  P^(|)  +  1/2F^(I)  ,  (la) 

where  F^d)  refers  to  that  part  of  the  radiation  whose  electric  vector  is 
polarized  perpendicular  to  the  plane  of  incidence,  and  F-(|)  to  the  radlaticm 
vhose  electric  vector  is  parallel  to  the  plane  of  incidence.  Equation  (1)  is 
the  eq4atioQ  of  the  single* crystal  diffraction  pattern  as  predicted  by  the 
DBF  theory.  If  we  assuae  that  both  crystals  in  a  two- crystal  spectrometer 
have  the  sane  diffraction  pattern,  the  (1,-1)  curve,  and  its  width  at  half 
naxlnun,  w,  can  be  obtained  by  plotting 


^k)  -  l/2j[jg(i)Fg(^k)di  +  l/^P^(i)yi-k)di  (2) 

for  various  values  of  k.  With  the  sane  assumption,  the  coefficient  of  re¬ 
flection  and  per  cent  reflection  are  given,  respectively,  by 

n  _  2  ♦  [jCiRr(i)dl)  /»\ 


p  -  2  jU:iFo(i)dil  ♦  lCJr(i)d|] 

8in^^F^,(l)d|  ♦£;FTr(i)di 


These  quantities  have  been  calculated  for  the  (10*0)  planes  of  quartz 
at  1.537a  by  Adell  et  who  give  the  following  values; 


.  0.  Adell,  0.  Brogren  ar«d  L.  E.  Haeggblon,  Arkiv  Fysik  7,  197  (195 


w  •  k.9  sec, 

R  ■  1.62  X  10*^  radians,  and 
p  ■  6k  per  cent. 

In  comparing  experimental  results  with  a  theory  such  as  the  one  dlsctissed 
above,  one  should  have  some  noti<»  of  the  precision  of  the  calculated  results. 
Unfortunately,  no  statewnt  of  the  precision  is  given  by  the  above  authors. 
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For  calculations  made  using  the  OBP  theory,  prohahly  tiie  largest  source 
of  error  lies  in  the  values  used  for  the  atonic  scattering  factors.  Other 
possible  sources  of  error  lie  in  the  values  used  for  the  eass  absorption  co¬ 
efficients  and  the  unit  decrenent  of  ^  index  of  refraction.  However,  in 
the  case  considered  here  these  errors  are  relatively  snail  and  vUl  not  be 
further  discussed. 

nie  atOBilc  scattering  fsctor^^  for  a  free  aton  at  0^  is  given  by 

41.  For  a  aore  ccnplete  discussion  of  atonic  scattering  factors  see  Compton 
and  Allison,  o£.  cH.,  Chap.  VI. 


-if  “n(')^ar  ,  (5) 

where  Z  is  the  atosdc  nuaber,  %{r)  dr  is  the  probability  that  the  n-th  elec¬ 
tron  will  be  between  the  radii  r  and  r4dr  fTon  the  center  of  the  aton,  and 


h  »  ^  sin  1/2  (6) 

kO 

Ihe  values  of  f^  used  by  Adell  et  are  those  given  by  Janes  and  Brindley, 

R.  V.  Janes  an^  6.  W.  Brindley,  FhU.  Itag.  1^,  hi  (l9^). 


for  which  Uj^(r)dr  was  calculated  by  Hartree*s  self-consistent  field  nethol. 
There  are  no  ejqperiaental  values  of  f^  for  oxygen  and  silicon,  but  Janes  and 
Flrth'*^  have  neasured  values  of  f^  for  sodiun  and  chlorine  loos.  A  conparison 

it.  W.  Beanes  and  i.  M.  Firth,  Proc.  ftoy.  Soc.  tLondoo)  A117j  b2  (1927^. 


of  theoretical  and  experinental  values  for  sodlun  ions  shows  that  the  agree- 
nent  is  not  betxer  than  about  3  per  cent.  This  should  be  e^cted  since 
atcns  iu  a  crystal  lattice  are  different  fron  the  free  atons  for  which  Bq.  ($) 
is  designed.  Zt  seens  quite  reasonable  to  assune  then,  that  the  predicted 
values  of  f.  for  silicon  and  P^ysen  at  0^  are  probably  not  accurate  to  better 
than  about  "  per  cent  either.^  Since  Sq.  (5)  gives  the  scattering  fsctor  at 

Atonic  scattering  hictors  i’or  several  elenents  ^ve  been  calculated  re-'* 
cently  by  A.  J.  FTeeaan,  Acta  Cryst.  26l  (19^),  using  aore  rec«&t  values 
of  Uj^(r)  dr  than  those  used  by  Janes  and  Brindley.  His  results  agree  v5.tb 
those  of  Janes  and  Brindley  at  snail  values  of  (sind)/X  but  are  about  5  to  6 
per  cent  lower  at  large  values. 

0^,  noliflcations  due  to  tenperature  effects  aust  now  be  taken  into  account. 

It  is  well  known  that  at  a  teaperature  T,  the  atons  in  a  lattice  have  a 
vibrational  energy  %diich  is  the  sun  of  the  sero-point  energy  and  thMaal 
energy.  A  theory  for  the  effect  of  these  vibrations  on  the  atonic  seattering 
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flietors  in  a  BK»atoinlc  cubic  lattice  has  been  given  by  Debye  and  Waller. 


4?.  fbr  a  discussion  of  the  Debye-Waller  theory  see  R.  W.  Jaanes,  op.  cit.. 
Chap.  Y.  - 


In  order  to  use  tlw  Debye-Waller  theory,  one  must  have  a  knowledge  of  the 
characteristic  tenqperature  of  the  material  under  consideration.  In  cubic 
crystals  this  characteristic  ten^rature  is  a  single  number  for  a  given  mat¬ 
erial,  but  in  crystals  of  lover  symietry,  such  as  quarts,  each  principal  axis 
of  the  crystal  has  a  different  chj^cterlstlc  ten^rature  associated  with  it. 
Using  an  equation  given  by  Post,^  Berreman  and  Chang^^  have  cadculated  these 

%.  i.  J.  Post,  Can.  J.  Piiys.  31,  112  (1955;. 


f).  k.  Berreman  and  T.  Chang,  J.  Appi.  Phys.  96?  (1959J. 


temperatures  for  quartz.  If  we  substitute  the  characteristic  temperatures 
given  by  Berreman  and  Chang  into  the  Debye-Waller  equation,  ve  find  that  at 
300®K 


f  a  .985  f^  for  oxygen  and 
f  ■  .991  for  silicon. 


Therefore,  neglecting  the  temi>erature  correction,  as  vas  done  by  Adell, 
et  results  in  the  use  of  scattering  factors  which  are  of  the  order  of 

T"to  2  per  cent  too  large.  However,  since  the  actual  values  of  f  are  prob¬ 
ably  not  known  to  better  than  about  3  pox*  cent,  as  indicated  previously, 
neglect  of  the  temperature  correction  is  probably  not  serious. 

In  the  foregoing  discussion  the  necessity  of  a  knowledge  of  the  type  of 
bonding  in  the  crystal  has  not  been  mentioned.  James  and  Brindley*^  have 
shown,  however,  that  there  is  a  considerable  difference  between  the  ionic  and 
the  atomic  structure  factors  of  an  element.  In  the  calculations  of  Adelle, 
et  it  was  flissumed  that  the  bonding  in  quartz  is  wholly  covalent,  but  as 
TSIasstone^  points  out,  it  is  believed  that  the  bonding  in  quartz  is  about 

4b.  S.  dasstone.  Textbook  of  Physical  Chemistry  (P.  Van  tiostrand  and  Co., 
Hew  York,  191*6),  2nd  ed.,  p.'390. 


half  icnlc  and  half  covalent.  Neglect  of  the  partial  ionic  character  by  not 
using  an  average  of  the  atomic  and  ioni.  structure  factors  probably  introduces 
an  error  of  the  order  of  2  per  cent. 

Thus  it  can  be  seen  that,  because  of  the  uncertainty  in  the  values  of 
the  atomic  scattering  factors,  the  neglect  of  the  temperature  correction,  and 
the  assunqpticm  that  quax*tz  is  a  covalent  crystal,  the  uncertainty  introduced 
into  the  value  of  F(|)  is  probably  at  least  of  the  order  of  2.3  per  cent, 
and  the  calculated  values  of  v,  P,  and  R  are  probably  known  no  better  than 

R  «  (1.82  ±  .05)  X  10*^  radians, 

v  M  1*.9  t  ,1  seconds,  and 

P  «  61*  1  2  per  cent. 
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AFFEHDn  B 


THE  L  X-RAY  SPECTRA  OF  ELEMEHTS  IN  THE  SECOND  TRANSITION  GROUP 


In  addition  to  Zr,  the  work  on  tdilch  haa  been  previously  reported, 
investigations  were  conducted  on  the  L  emission  spectra  of  Nb  and  No. 

These  elements  share  with  Zr  the  problem  of  being  refractory  materials 
difficult  to  obtain  in  convenient  high-purity  forms.  They  also  exhibit  the 
sm&e  sensitivity  to  contasiination  by  oxygen,  nitrogen,  and  sulfhr. 

The  data,  presented  as  graphs  of  the  spectra  in  the  figures  idiich  follow, 
represent  the  best  experimental  results  obtained  thus  far.  Ifixile  they  repre¬ 
sent  well  the  qualitative  aspects  of  the  spectra,  they  are  still  to  be  eom- 
sidered  preliminary.  A  detailed  quantitative  analysis  and  comparison  with 
theory  must  await  some  additional  data  and  the  correction  of  tlte  final  ex¬ 
perimental  curves  for  various  instrumental  effects,  and  for  the  effects  of 
finite  inner  state  widths. 


B-1 


(continued) 


Fig.  2  -  The  Niobium  L  Emission  Spectrum  in  the  Neighborhood 
of  the  7i  Baiid 


RAY  SPECTRUM 


Nloblxim  L  Emission  Spectrin  in  the  Neighborhcod 


AFPEUDIX  C 


DESICai  CONSIDERATIONS  FOR  X-RAY  SFECTRONETRIC  INSTRUMENTS 


Although  two-crystal  x-ray  spectrometers  have  been  In  use  for  several 
decades,  relatively  little  has  been  published  on  the  details  of  their 
design.  Discussion  of  the  basic  theory  of  the  instrument  by  Scfawarzschlld, 
Schnopper's  recent  discussion  of  alignment  and  its  effects  on  spectral 
measurement,  and  a  handful  of  other  papers  constitute  the  available 
material  in  this  area.  The  purpose  of  this  note  is  to  point  out  an  effect 
which  should  be  taken  into  account  in  spectrometer  design  and  which  has 
not,  to  our  knowledge,  been  discussed  elseidiere. 

A  common  mode  of  operation  of  two-crystal  spectrcxaeters  is  that  in 
which  crystal  A  is  held  fixed  in  position  and  crystal  B  is  rotated  through 
some  small  angular  range  determined  by  the  spectrometer  geometry,  x-ray 
beam  walking,  and  the  size  of  the  crystals.  Crystal  A  is  then  turned  to  a 
new  position  and  the  process  repeated  until  the  desired  spectral  region 
has  been  thus  scanned.  It  is  in  this  mode  of  operation  that  the  effect 
with  vdilch  we  are  concerned  shows  itself  most  clearly,  though  it  is  also 
present  in  the  case  in  %dilch  the  two  crystals  are  rotated  simultaneously. 

The  effect  is  most  easily  described  as  follows:  Consider  the  case  in 
which  crystal  A  is  fixed,  crystal  B  is  rotated,  and  the  spectral  region 
thereby  examined  contains  a  strong  x-ray  emission  line  and  a  much  weaker 
line  at  some  distance  from  it  and  near  the  edge  of  the  allowable  range  of 
rotation  of  crystal  B.  When  crystal  A  is  now  rotated  so  that  the  range 
of  wavelengths  Bragg  reflected  from  it  no  longer  includes  the  strong  line, 
but  does  include  the  weaker  (as  a  reference  wavelength,  say),  a  discrep¬ 
ancy  appears  in  the  measured  intensities  of  wavelengths  common  to  the  two 
measurements . 

This  effect  may  be  quite  large,  easily  of  the  order  of  several 
per  cent,  and  in  extrone  cases  of  the  order  of  ^  per  cent.  One  is  thus 
in  difficulty  in  trying  to  establish  a  coherent,  precise,  intensity  scale 
over  a  long  range  of  wavelengths  in  a  spectrum.  The  effect  arises  from 
the  fact  that  in  the  first  case  mentioned  above  the  strong  line  is  Bragg 
reflected  from  crystal  A,  whereas  in  the  second  case  it  is  not.  The 
scattering  of  radiation  of  this  wavelength  from  crystal  B  is  therefore 
very  different  in  the  two  cases  and  accounts  for  the  discre:pancy  in  the 
intensity  measurements.  The  amount  of  the  discrepancy  so  produced  depends 
on  the  relative  intensities  of  the  two  spectral  lines,  on  the  physical 
diffraction  patterns  of  the  crystals  (especially  on  the  size  and  extent 
of  the  tail  regions),  and  on  the  gecsaetry  of  the  spectrometer  as  it 
affects  radiation  scattered  from  the  second  crystal  and  seen  by  the  de¬ 
tector. 

While  the  effect  cannot  be  avoided  completely,  proper  attention  in 
spectrometer  design  to  the  problems  of  coUimatlon  and  of  shielding  against 
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scattered  radiation  can  help  to  reduce  its  magnitude.  Serious  concern 
should  be  given  to  this  problem  ^enever  it  is  intended  to  use  the 
spectrraneter  for  precision  measurements  of  relative  intensities  of  spectral 
lines.  The  specific  measures  to  be  taken  depend  so  much  on  the  overall 
spectrcuaeter  design  that  they  can  not  be  discussed  profitably  as  a  separate 
issue. 
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